Acute myeloid leukemia (AML) is a blood cancer resulting from the enhanced proliferation and impaired differentiation of hematopoietic stem and progenitor cells. Chemotherapy consisting of cytarabine and anthracyclines has been the standard of AML care for decades, with a 5-year overall survival rate of 25% [1] . Outcomes in older patients, who represent the majority of patients with this disease, are poor with a median survival of 5 to 10 months. Owing to their inability to tolerate intensive chemotherapy, many older patients do not receive any anti-leukemic therapy [2] . Although the development of drugs targeted to specific pathways offers the promise of improved treatment options, resistance to individual inhibitors has limited their effectiveness. This is in part the result of the substantial disease heterogeneity and clonality underlying AML and underscores the need for combinations of targeted therapies to achieve durable responses.
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Our group and others have previously established the utility of ex vivo screening platforms to identify effective targeted treatments for leukemia patients [3] . We adapted this approach to test combinations of targeted drugs in a fixed molar concentration series of seven dose points. This work identified several candidate combinations with enhanced efficacy in myeloid leukemia samples, many of which included the BCL2 inhibitor venetoclax [4] . Given the many complex subtypes of AML, we performed expanded studies on the combination of ruxolitinib plus venetoclax (Rux + Ven) because of its broad effectiveness on a majority of AML samples tested.
A total of 195 unique AML patients were screened ex vivo for sensitivity to the Rux + Ven combination. Briefly, freshly isolated mononuclear cells were cultured in presence of inhibitors alone or in combination for 3 days before assessing viability as a measure of sensitivity. Under these assay conditions, the cells are viable but not proliferating. The cohort included patients with newly diagnosed AML (n = 137) or relapsed/refractory AML (n = 58). While relapsed/refractory patients surveyed were slightly older than those with newly diagnosed disease (median [range] age of 55.5 (2-87) yrs vs. 62.5 (12-86) yrs, respectively; Mann-Whitney test, p = 0.0371), no significant differences were observed between newly diagnosed and relapsed/refractory patients with respect to sex, WBC count, bone marrow blasts, or ELN prognostic risk (Supplemental Table S1 ). Among all AML patient specimens tested, the Rux + Ven combination is significantly more effective than either respective single agent by two different effect measures (IC 50 and AUC; Fig. 1a, b ). For example, median IC 50 for Rux + Ven across all patient specimens was 0.014 µM, compared with 10 and 1.45 µM for ruxolitinib and venetoclax, respectively (Friedman test with Dunn's multiple comparisons test; adjusted p < 0.0001). Furthermore, 80% (156/195) of samples tested demonstrate IC 50 values for Rux + Ven <0.5 µM. Previously reported levels of each drug in plasma (ruxolitinib C max for 10 mg BID: 0.562 µM [5] ; venetoclax C max for 400 mg QD: 2.51 µM [6] ) suggest effective combination concentrations would be achievable in patients.
We used clinical and genetic data to determine potential associations with combination sensitivity. Importantly, specimens from patients with newly diagnosed disease and those with relapsed/refractory AML both demonstrate superior sensitivity to the Rux + Ven combination compared to either single agent (Fig. 1c, d) . Additionally, there is no significant difference in IC 50 or AUC between newly diagnosed and relapsed/refractory patient specimens for this combination (p = 0.6323 and p = 0.3049, respectively; Mann-Whitney test). Together, these findings suggest that effectiveness of this combination is not confined to previous treatment status and may offer benefit to a broad spectrum of AML patients.
Within the well-established genetic complexity of AML, recurrent cytogenetic abnormalities largely define both disease subtypes and prognostic risk. While several genes including FLT3, NPM1, and DNMT3A are commonly mutated in AML, mutations in the tumor suppressor gene TP53 are known to independently confer a poor prognostic risk with respect to overall and disease-free survival [7] . We compared TP53 mutational status, which was mutant in 16 of 157 patients (10%) with sequencing available, with respect to sensitivity to the Rux + Ven combination and found no significant differences in either IC 50 or AUC (Mann-Whitney test; Fig. 1e ). Additionally, FLT3-ITD, NPM1, and DNMT3A mutations occurred in 25%, 28%, and 26% of patients, respectively (Fig. 1a) . Patients harboring mutations in DNMT3A were slightly more sensitive to Rux + Ven (AUC p = 0.0242, IC 50 p = 0.0569; MannWhitney test). Neither FLT3-ITD nor NPM1 mutation status was associated with differences in Rux + Ven sensitivity. We also compared sensitivity to Rux + Ven based on transformation to AML from a prior myeloproliferative neoplasm, a very poor risk group of patients with AML [1] , and found no significant difference by IC 50 or AUC. For eight patients in our cohort, specimens were available from both diagnosis and disease progression following standard-of-care 7 + 3 treatment. Ex vivo sensitivity to Rux + Ven was assessed at both timepoints. In 7 of 8 patients, the IC 50 of Rux + Ven remained below 0.5 µM, indicating a trend that sensitivity to Rux + Ven was observed over the course of clinical treatment (Supplemental Fig. S1A ). In 3 of these 7 patients, increased ex vivo sensitivity by IC 50 to single-agent venetoclax was observed in conjunction with preserved combination sensitivity at the time of relapse. While such analysis was only possible for the subset of patients with serial samples, these results suggest that mechanisms that generate resistance to standard-of-care therapies would not generally hinder the effectiveness of this combination.
To validate these findings and to establish whether the efficacy of the Rux + Ven combination represents a synergistic relationship, the combination was tested for sensitivity on the human AML cell line HL-60 using a dose matrix, which included all possible concentration pairings for each drug's 7-point dose series, under identical assay conditions. Synergy scores were calculated using the zero interaction potency (ZIP) model for each dose pair of the 7 × 7 matrix, whereby a positive score is indicative of synergy relative to the expected cell inhibition when assuming no interaction [8] . By this method, the Rux + Ven combination shows promising synergy across the surveyed dose matrix (average ZIP score: +6.65; Supplemental  Fig. S1B ). Independent studies have also observed in vivo synergy with the Rux + Ven combination using mouse xenograft models of AML [9] and T-cell acute lymphoblastic leukemia [10] .
The combination of venetoclax plus a hypomethylating agent has been reported as an emerging therapeutic strategy for elderly, treatment-naive AML patients for whom standard-of-care chemotherapy is not an option [11] . Furthermore, the combined inhibition of JAK2 and BCL2/ BCL-xL has shown superior efficacy in adult T-cell leukemia [12] and enhanced suppression of resistance compared to single-agent JAK2 inhibition in models of JAK2 mutant-driven myeloproliferative neoplasm [13] . Our ex vivo assay screens the bulk mononuclear cell population within a given specimen, which includes both tumor and stromal components. Stromal-derived growth conditions have been shown to enhance sensitivity to JAK1/2 inhibitors in combination with venetoclax [9] , which may also be reflected in our mixed cell assay. Additionally, it has been established that MCL-1 levels, which are JAK-dependent [14] , exhibit a rapid turnover rate [15] , and are required for AML cell viability [16] . It may be that ruxolitinib is causing AML tumor cells to adapt to different transcriptional programs that reduce MCL-1 levels and sensitize cells to BCL-2 inhibitors. Further mechanistic profiling will be required to determine whether expression-based signatures predict for drug combination efficacy. These findings suggest the simultaneous inhibition of JAK1/2 and BCL2, as embodied by the Rux + Ven combination, may provide an opportunity to offer a targeted therapy combination with activity that extends broadly to patients with both treatment-naive and relapsed/refractory disease.
